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Magnetic gap excitations in a one-dimensional mixed spin antiferromagnet N@aNiOs
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Magnetic excitations in a NdBaNiOg powder sample were investigated by inelastic neutron scattering.
Well-defined one-dimensionallD) gap modes were observembove and belowthe Neel temperature
Tn=24 K. In both temperature regimes the measured dynamic structure factor was found to be consistent with
that calculated for transverse Haldane gap modes in a quantum-disoBtefieinear-chain antiferromagnet.

The energy gap does not show any apprecidbtiependence af>T, . However, in the ordered phase the
spin gapincreases The observed behavior is totally different from that found in other Haldane gap systems
undergoing 3D antiferromagnetic ordering, such as CsNi(30163-18206)06134-4

I. INTRODUCTION (Ref. 15 and references thergitt is known that the onset of
3D long-range order at low temperature does not eliminate
Since the pioneering work of Haldarfemuch attention the possibility of Haldane-like behavid? 1°® However,
has been given to quantum magnetism of quasi-onepurely 1D systems appeared to be of greater immediate fun-
dimensional(1D) integer-spin Heisenberg antiferromagnetsdamental interest. Much of the experimental work, especially
(AF). If the interaction between the AF chains is substandinelastic neutron scattering, was focused o5B¥NiOs and
tially weaker than the in-chain exchange coupling, such sysuntil recently the. # Y members were largely neglected. Our
tems have a nonmagnetic ground stéite., with no long-  studies of PsBaNiO5 (which orders affy=24 K) have re-
range order in the spin pair correlation funcioand an  vealed interesting and unique dynamic properties of this
exchange-induced gap in the magnetic excitation spectrunmixed spirsystemt? In particular, well-defined Haldane-like
The low-lying magnetic excitations are singlet to triplet, andgap excitations were observedTat Ty and shown to persist
the dispersion has a minimufneferred to as the Haldane i the 3D AF phase. Moreover the gap mode retains its
gap at the 1D AF reciprocal space point. Fortunately, thispurely 1D dispersion in the ordered phase. In contrast with
unique, purely quantum behavior is relatively robust. Weakhe behavior observed in such materials as Csit¢t¢®no
easy-plane single-ion anisotropy does not destroy the norsoftening is observed in the gap mode at any wave vector.
magnetic ground state or eliminate the energy gap, althougiihe gap excitations are distinct from acoustic spin waves in
it does indeed split the excitation triplet into a lower-energythe ordered state. It was also demonstrated that these excita-
doublet of transverse modéwith spin fluctuations perpen- tions represent spin fluctuations in the Ni-chain subsystem,
dicular to the chain directiorand a higher-energy longitudi- with hardly any contribution from the rare-earth sites.
nal mode(spin fluctuations along the chairs® Moreover, Herein we report the results of inelastic neutron-scattering
the gap can be observed at finite temperatures. This VObUSéxperiments on NsBaNiOs. We show that a well-defined
ness made it possible to study the Haldane gap experimenp magnetic transverse gap mode is present igBENiO;
tally in quite a number of real quasi-1D compounds, andygth above and below the Bletemperaturd = 48 K (Ref.
inelastic neutron scattering proved to be the most informass) |t corresponds to the Haldane-gap excitations in
tive technique(for a comprehensive reference list see, forYzBaNiOS. Unlike those in the extensively studied CSNCI
example, Refs. 68 _ . ~ compound.”*58the gap modes in NdBaNiO5 do not expe-
In this yvork we focus on the |sostructura'l family of quasi- rjience any softening &y, at any wave vector and are appar-
1D materials with the general formulg,BaNiOs. Members  anly not related to the gapless antiferromagné@eldstone
with L=Y, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, and Tm are modeg in the ordered phase. The results are discussed in

known?*°In these species the high-spiB£1) Ni** ions  comparison with those previously obtained fosBaNiOs.
are arranged in linear chains along thexis of the ortho-

rhombic structure, and the in-chain antiferromagnetic ex-
change constant is relatively largéJ|~250 K).}''? For
nonmagneticL (L=Y) the interchain interaction is negli-
gible. Y,BaNiOs is a good example of a Haldane-gap The preparation of N@BaNiO; samples is described
systent®***!1and does not exhibit any long-range magneticelsewhere® We have utilized the same single-crystal sample
order down to 1.2 K. Thé sites being positioned in between (3x2x1 mn?) that was used by Sachanal.® for the stud-

the Ni chains, substituting magnetic ions forleads to an ies of the magnetic structure and a newly synthesized 15 g
increased interchain coupling and all theeY members or- powder sample. The crystal structure of MBANIOg is

der antiferromagnetically witfy ranging from 24 to 50 K  orthorhombic (space grouplmmm), with cell constants
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a=3.832 A b=5.926 A, andcc=11.652 A at room tempera-
ture. The antiferromagnetic transition occursTat=48 K, Nd BaNiO
giving rise to magnetic Bragg reflections of type 2 5
((2m+1)/2k (2n+1)/2) (mk,n integed.’® The magnetic
ordering in our powder sample was checked in a simple neu-
tron powder-diffraction experiment.

Inelastic neutron-scattering experiments were carried out
on the H4M and H8 triple-axis spectrometers at the High
Flux Beam Reactor at Brookhaven National Lab. The single-
crystal sample was mounted with the (010) crystallo-
graphic plane parallel to the scattering plane of the spectrom-
eter, making i 0l)-type scattering vectors accessible for
measurement. The use of a standard Displex refrigerator en-
abled us to perform the measurements in the temperature
range 11-300 K. To meet the conflicting needs of resolution
and intensity several spectrometer configurations
were exploited. For the single-crystal experiments
40’ —40' — 80— 80’ collimations and fixed final energy neu- Q=[1.7 0 0]
trons (E;=14.7 me\} were used, with a pyrolitic graphite
(PG filter positioned after the sample. This setup yields an

T=55K

100

50

| (counts/3000s)

energy resolution ofSEg~1.4 meV atfiw=0. Measure- 0 — —
ments on powder samples were performed using 7 ° " 1 19
40' — 40 — 40 —80' collimation and fixed final ;= 14.7 E (mev)
meV, SEy~1.1 meV orE;=30.5 meV,5E;~3.5 me\j or
fixed incident €;=30.5 meV,sEy~3.5 me\} neutron en- FIG. 1. A constanf) scan for the NdBaNiOs single crystal
ergies, and PG filters placed in front of the analyzer or insample measured at the 1D antiferromagnetic reciprocal space point
front of the sample, respectively. [1.500] (solid circles. The solid line is a guide to the ey&auss-
ian fit) and the dotted line represents a linear fit to the background
. RESULTS measured &t1.7 0 O] (open circles
A. Single-crystal experiments to consider the powder dynamic structure fackgy,(Q,w)

The Nd,BaNiOs single crystal available for our studies is for @ 1D Haldane gap antiferromagnet. For single-crystal
barely large enough for magnetic inelastic scattering. Figuréa@mples the following empirical form of the magnetic cross
1 shows a constar® scan taken at the 1D AF point SectionS(Q,w) has been successfully implemented to ana-
Q=(1.500) atT=55 K (solid circles. A broad inelastic lyze inelastic neutron-scatterir)g data collected around the 1D
peak is observed d@w~11 meV, roughly the same energy AF planes((2m+1)/2 0 0) (m intege) for several Haldane-
as the transverse Haldane gap igBaNiOs. The feature is  9ap systems:
not present aQ=(1.700) (open circley which is consistent

2
with the steep dispersion along the chain direction, expected _ [T(Q)] B
for Haldane-gap excitations. Sn(Q, @) =Su(Q),w) Q0 S(ho—hwg).
1)

B. Powder experiments Here Q) is the component of the scattering vec@ralong

~ Single-crystal measurements are as a rule more informahe chain directionx is the inverse instantaneous spin-
tive than those performed on powder samples. However, ofeorrelation length, andi(Q) is the magnetic form factdifor
ten one can obtain higher quality data in a powder experiNi?* in our cas¢ We have introduced the notation
ment, simply because a larger sample volume is availabley =(2m-+1)(n/a), where a is the intrachain spin-spin
One complication arises from the fact that there are severaleparationwhich in L,BaNiOs compounds coincides with
relatively low-energy crystal-fieldCF) excitations associ- thea cell constant In Eq. (1) wg, denotes the 1D dispersion

i + . , ;
ated with N . These dispersionless modes produce inelasge|ation, for which the quadratic approximation is usually
tic peaks much stronger than those originating from the 18 sed:

excitations this paper is concerned with. For this reason we

have carefully mapped out the C_F eXC|tat|on_s, checking their fiwg= \/A2+CS(Q||— Q2. )

Q andT dependences, as described below in a separate sec- I

tion. We have identified a “clean” energy region, 5 meV |n this formulaA stands for the Haldane gap angl is the

<fiw<15 meV, free of CF transitions, for studying the 1D spin-wave velocity along the chains.

Ni-chain modes. In general, for 1D excitation§(Q, w) = S(Q|,») and the
powder-averaged dynamic structure factor is given by

1. Powder-averaged magnetic cross section

. : . 111
To properly interpret the results of inelastic neutron- o :_f 7 0)P(2)dz 3
scattering experiments on powder-averaged samples one has Spol Q. 2) 4 —1S(Q -w)P(z)dz ®
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where P(z) is the polarization factor for unpolarized
neutrons?’ In a system with easy-plane single-ion anisotropy

140.
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the lower Haldane doublet corresponds to fluctuations of the 0] Nd_BaNiO, powder
spin components perpendicular to the chain directtoems- 40'-40'-40'-80' E'=14.7mev
verse modes andP(z)=(1+2%) (Ref. 13. 104 9-0.65a*
Note, that Eqs(1) and(2) are valid only in the vicinity of
the 1D AF reciprocal lattice planes. However, the dispersion “1 H To35K
along the chain direction is very steep, and for small energy 60 =38
transfers(less than several units df) both equations ad- I l
equately describe the cross section for@|l. © y
Combining Eq. (1) with Eg. (3) and using I
S(Q),w)=2nSn(Qy.w), we find that the integration is can- ]
celed by the theS function. Introducing the notation e 1
[7)
. 1 1 QO 1404 I
Zn(©)= 5| Qnt —(hw)?~A?, @ Q I
Q Co B 1204
the following result is easily obtained: "g' 0o
1 =50K
Spoul Q@) =S(Q, w)F (), () 8 = T=50
1(Q)I? o
s(Quw)=—5 >[4z} o] t
m:\zr;(w)\Sl ' N ' ? !
_ 2 180
+ 2 [z, )
m: |z, (w)|<1 160
F() = S @ “]
)< ——_ .
VK2Ci+ (hw)?— A% (hw)?—A? 1204
For a Haldane-gap AF the quantitids «, andc, are not 100 I
independent but are related kg,=A (Refs. 3, 21, and 22 1
and Eq.(7) is much simplified: - II T=65K
1 60
V(o) ™=A S A
Conveniently, for Q not too close to Q E (meV)

[|Q—Qul> V(hw)?—A?], s(Q,w) is w independent. In-
deed, H(z,)%~1+(Q/Q)? for small energy transfers,

and FIG. 2. Constanf) scans measured for the pBaNiOs; powder

sample at several temperatures. The solid line represents the fits
described in the text. Arrows indicate the position of the energy

gap.

9 scans could not be extended to sufficiently large energies to

cover the entire peak. The solid lines in Fig. 2 show fits with

In other words, if the measurements are performeql awaEq_ (8), convoluted with the experimental energy resolution
from the 1D AF wave numbers, the powder cross section Ayl width at half maximum (FWHM)~2.5 meV at

be decomposed into a product of @-dependent part
S,olQ) and a Q-independent spectral weight function
F(w).

f 2
[f(Q) 5

S(Qu)~ S Q=g 5

[1+(Qm/Q)%].
Q

hw=11 meV]. These fits were obtained by refining the gap
energyA, the overall scaling factor, and a flat background.
A is plotted against temperature in Fig. 3. Beldw 30 K
the gap could not be observed within our scan range.
To verify the 1D nature of the gap excitation and to prove
To maximize the magnetic signal from the powder samplehat it corresponds to spin fluctuations perpendicular to the
constantQ) scans were performed close to the maximum ofNi-chain direction we performed constaftscans, with the
S(Q) at Q=0.65x w/a. Using a fixed incident neutron en- spectrometer tuned to roughly the gap eneffgig. 4, solid
ergy Ef=14.7 meV limits the accessible energy range tocircles. The background, measuredfab=6 meV is shown
~ 14 meV for this wave vector. The data collected at severain open circles. Bottabove and below J the scans have a
temperaturegboth above and beloWy) are shown in Fig. 2.  typical 1D profile with asymmetric peaks at the 1D AF wave
The gap atA~11 meV is readily observed, although the numbers {/a, 3w/a, etc), similar to those observed in

2. Results
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FIG. 3. Temperature dependence of the Haldane gap measured
in the Nd,BaNiOs; powder samplgopen circles,Ty=48 K) and 10004
Pr,BaNiQ; single crystal(solid squaresT =24 K). The solid line
is a guide to the eye.

Y,BaNiOs (Ref. 14. The data were analyzed using E¢S),

(6), and (8) convoluted with the resolution function. The
corresponding fits are represented by solid lines in Fig. 4.
For A we have utilized the values deduced from constant-
Q scans. The other parameters appeared to be of small rel-
evance and the values measured previously fgBBNiOg 600
were used £=0.08 A~! andcy,=200 meV A. Very good

fits were obtained with the overall scaling factor and flat
background being the only adjustable parameters. The

800+

dashed line in the lower panel of Fig. 4 shows the powder . . r T v T v
dynamic structure factor calculated wiit(z) = (1—2), i.e., 00 05 10 15 20
for spin fluctuations parallel to the chain direction. This pro- Q (21t/a)

file is clearly inconsistent with the experimental data.

FIG. 4. Constank scans for the NgBaNiOg powder collected
C. Crystal-field excitations above(a) and below(b) the Neel temperaturd =48 K. The solid
lines show fits with the powder cross section for transverse Haldane

As mentioned above, we have observed several CF e)(Clg'ap modes derived in the text. The open circles indicate the back-

tations in Nd,BaNiO5 powder. These modes appear as sym-grounol measured below the gapa=6 meV). The dashed line

metric Gaussian-shaped peaks in cons@rieans(Fig. 5, represents the powder dynamic structure factor calculated for
insets, centered a&23, 18, and 4 meVYat T=10 K). Mea- longitudinal modes.

surements at different momentum transfers in the range 1-5

A1 revealed noQ dependence of the peak positions or (Fig. 5) and the integrated intensity remaining constant. In
energy widths. The energy-integrated intensity of all threecontrast, the low-energy CF mode is strongly temperature
features shows a slow decrease at laggeconsistent with  dependent and could only be observed in the ordered phase.
the Nd®* magnetic form factor, although the amount of the The excitation energy increases rapidly with decreading
data is not sufficient for a detailed form-factor analysis. Theleveling off belowT~20 K. At low temperature the corre-
two higher-energy excitations are only weaHllydependent, sponding inelastic peak is resolution limited. However, as
their energy decreasing slightly on warming from 12 to 80 KT— Ty the energy width increasdgspen circles in Fig. b
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56 — — one. Another important point is that long-range ordering in
04 \‘\* Pr,BaNiO; is driven by a soft magnetic-exciton band, the
1 magnetic moment on Pr being quenched by the low-
22 symmetry crystal field abov@y. This is not the case in
207 - . Nd,BaNiOs: Nd** is a Kramers ion and always carries a
18 hd \ —e nonzero magnetic moment. The difference in ordering
167 200 mechanisms in the two related systems apparently does not
144 T=12K \ affect the Ni-chain excitations significantly.
. 121" ‘ I The existence of Haldane-like excitations in quasi-1D
= 104 ém compounds that exhibit 3D AF order at low temperatures is
£ 8j FERE: not in itself a new finding. Indeed, CsNiglthe first com-
w s ¥t o pound in which the Haldane gap was observed experimen-
| - ! B tally, orders antiferromagnetically beloly=4.8 K (Refs.
44 12 i/“ 5 610 15 20 25 0 16, 17, and 19 Haldane-like features were also observed in
] E (meV) related integer-spin systems RbNiCand CsNiBg.188 In
3- these materials however the 3D dispersion in the gap modes
. LY is strongly temperature dependent andrasTy a complete
2- § softening occurs at the 3D AF poifftin the 3D phase these
1 .g..Q‘" two branches are transformed into conventiogapless3D
14 o Q"Z . antiferromagnongGoldstone modes In contrast, the gap
y FWHM Q=3.6 A1 modes in NgBaNiOs persist in the ordered phase as purely
0 — T T T 1 1D excitations. The similarity between NBaNiOg and the
0 20 40 60 80 ANICI ; systems is that at theDl antiferromagnetic zone
T (K) centerthe gap shows no softening &, .° As mentioned

above, the Haldane-like gap excitationsLisBaNiOs repre-
sent spin fluctuations on the Ni sites odfyConventional AF
spin waves irL,BaNiOs, on the other hand, must have com-
parable contributions from the rare earth as well as Ni spins,
since 3D ordering produces a finite magnetic moment on
o . both sites. The observed gap excitations in the ordered phase
and the mode becomes overdamped. The finite experimentgf | ,BaNiO; are therefore distinct from acoustic magnons.
energy resolution makes it impossible to determine wh_ether The central question is whether the Ni-chain gap excita-
or not the mode actually undergoes a complete softening afons in the 3D phase are a purely quantum effect related to
Tyn. In the entire temperature range 10-35 K, where thishe integrity of N2* spins, or merely another “optical”
low-energy excitation is observable, the energy-integrateyranch of conventional 3D spin waves. The similarity of the
intensity was found to be constant. _ ~ behavior observed &>Ty in Nd,BaNiOg to that seen in
Since the main purpose of this study was the investigatioghe quantum-disordered,BaNiOs suggests the former. The
of the 1D Ni-chain modes, we have not performed a crystalsame conclusion is supported by the fact that even at low
field analysis of the observed CF excitations. In fact, the sit§emperatures the dynamic structure factor is very similar to
symmetry (nm2) for Nd** in Nd,BaNiOs is sufficiently  the one calculated for a Haldane-gap antiferromagnet. To
low to split the tenfold degenerafe=9/2 multiplet into five  gptain a more convincing proof, spin-wave theoretical calcu-
Kramers doublets. A multitude of CF transitions can thereqation of the magnetic excitation spectrum must be per-
fore be expectedsee, for example, Ref. 23and more mea- formed and the results directly compared to our neutron-
surements in a wider energy range are required to get the ngcattering data on N@BaNiOs and PpBaNiOs. On the
picture. experimental side, further insight may be obtained by per-
forming field-dependent and polarized-neutron measure-
ments and determining the multiplicity and eigenvectors of
the Ni-chain modes. These approaches have been very suc-
cessful in revealing the purely quantum origin of gap excita-
above and below the 3D ordering temperature=atL meV. tions in the 3D ordered phases of CsNiCand related
Below Ty the gap steadily increases with decreasihgn ~ S=1 compound§;}’~1°%as opposed to “classical” modes
this respect the behavior is very similar to that recently obseen in isostructural half-integer spin systeéfig® Our re-
served in single-crystal inelastic neutron-scattering experisults for Nd,BaNiOg clearly indicate that the gap excitation
ments on PsBaNiOs (Ref. 19. For the latter compound it corresponds to fluctuations of spin components perpendicu-
was shown that the gap modes preserve their “Ni-only” na-lar to the chain direction in the crystal, but it remains unclear
ture and purely 1D dispersion relation beldy. However, whether the mode is a doublétorresponding to the two
due to the limitations in the experimental geometry andtransverse Haldane modes not. Moreover, the third com-
sample size, a reliable polarization analysis of4h&l meV  ponent of the Haldane tripletseen atZiw~17 meV in
mode could not be performed for fBaNiOs. The powder Y,BaNiOs), if present, could not be observed in
structure factorS,,,(Q) measured in NgBaNiOs resolves  Nd,BaNiGs, since it is very close in energy to one of the
the ambiguity, showing that the gap mode is a transversetronger CF peaks. These remaining ambiguities can be re-

FIG. 5. Temperature dependence of the crystal-fiélE) exci-
tations in Ng,BaNiO;s (solid circles and the observed FWHM of
the lowest-energy CF modépen circles Typical constan®
scans(insets are fitted with Gaussian profilgsolid lines.

IV. DISCUSSION

1D magnetic gap excitations are seen in,BdNiOg both
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solved if large single crystals become available for neutronthe increasing rare-earth magnetic moments.

scattering experiments. We would like to point out that, to our knowledge, there
An interesting observation is that according to neutronhas not been so far any theoretical studies of the temperature-

diffraction™® and resonant magnetic x-ray scattefthexperi-  dependent spin dynamics fmixed-spirinear-chain quantum

ments the N¥* moments in NgBaNiOs become saturated antiferromagnets like.,BaNiOs, L+ Y. Further theoretical

very rapidly belowT =48 K and are practically temperature input and more experimental work are required to gain a

independent below =40 K. However, the observed energy complete understanding of the fine interplay between 1D and

of the Ni-chain modes continues to increase and their spe@D phenomena.

tral weight to decrease way below this point. This effect
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